[Bi0.87SrO2]2[CoO2]1.82 (BSCO) is one of the best p-type thermoelectric oxides but its structural and electronic properties are still little understood. BSCO is a misfit-layered compound consisting of an incommensurate stacking of hexagonal CoO2 and double rock-salt BiSrO2 layers. Here we combine experimental and computational approaches to investigate its crystallographic and electronic structure as well as thermoelectric transport properties. Considering different approximations for the subsystems stacking we present a structural model that agrees well with both bulk and atomic-scale experimental data. This model, which suggests a level of Bi deficiency in the rock-salt layers, is then used to discuss the material's electronic, magnetic and transport properties. We show that Bideficiency leads to a band-gap opening and increases p-type electronic conductivity due to the formation of Co 4+ species that serve as itinerant holes within the predominantly Co 3+ framework of the CoO2 layer. We validate these predictions using electron energy loss spectroscopy in the scanning transmission electron microscope. The relationship between the hole-doping mechanism and the changes of the local structure (in particular the level of Bi deficiency) is evaluated. The reliability of the simulations is supported by the calculated temperature dependence of the Seebeck coefficient, in good agreement with experimental measurements.
Introduction
Thermoelectric (TE) devices convert heat into electricity and represent an important route for green technologies. They have the potential for making an impact in many fields, such as portable devices (medical applications) and smart grid systems (coupled with batteries and photovoltaics).
Metal oxides possess several advantages over traditional thermoelectric (TE) materials including low price, non-toxicity, chemical and thermal stability at high temperature. [1] [2] [3] [4] Furthermore, the chemical richness of their structures ensures that their properties are highly tuneable. However, due to their normally-low electronic conductivity, they are often neglected for their potential use in TE modules. 5, 6 Furthermore, an efficient TE device requires both a p-type and n-type material, which adds to the materials design challenge. 7 The discovery of the layered cobalt oxides, like sodium cobaltate NaxCoO2, (BSCO) has completely changed the traditional understanding of oxide materials in TE research. 8, 9 These layered materials exhibit high electrical conductivity (σ) and Seebeck coefficient (S) and low thermal conductivity (kl). 8 In the TE community, the figure of merit (ZT= T*σ*S 2 / k) is used to express the efficiency of a TE material. For example, NaxCoO2 has σ≈200 μΩcm, S≈+100 μVK -1 and kl≈2.0 Wm K -2 exceeds that of state-of-the-art thermoelectric Bi2Te3 at room temperature. 11 The high efficiency of these layered materials is due to a combination of several factors including glass-like low thermal conductivities due to their incommensurate crystal structure, high electronic conductivity arising from charge reorganization between the material subsystems 12 and a high Seebeck coefficient originating from strong electron correlation and spin-entropy relation. [13] [14] [15] Although much experimental and theoretical work has been devoted to the understanding of structural and electronic properties of NaxCoO2 10, 11, 16 and CCO, 13, [17] [18] [19] [20] [21] [22] [23] [24] these properties are, so far, little understood for BSCO [25] [26] [27] , which contains no elements that are scarce or considered seriously harmful and has a working temperature up to 1000 K 25 and is thus arguably one of the most promising thermoelectric oxide materials. To some extent, this can be ascribed to the challenges posed by the incommensurate crystal structure, the complex defect chemistry and the strong electron correlation due to the presence of Bi and Sr species.
Accurate information on the crystal structure and the resulting electronic properties of a material is of paramount importance for understanding and predicting TE properties reliably as macroscopic quantities like Seebeck coefficient and electronic conductivity in [Bi0.87SrO2]2[CoO2]1.83 are directly related to the electronic states in the vicinity of the Fermi level and are defined by the crystal structure of a material. Fortunately, density functional theory electronic band-structure calculations combined with the Boltzmann transport theory provide an invaluable route for this task, especially when combined with experimental techniques such as X-ray diffraction (XRD) and scanning transmission electron microscopy (STEM), which can probe the material at different length scales and be used to validate the theoretical predictions. Here, we initially discuss the stability of possible structural model approximations for the BSCO incommensurate structure inferred from experimental observations at the atomic scale of the stacking arrangement of the two sub-systems. We compare the electronic and magnetic properties of stoichiometric and Bi-deficient composition and discuss the dependence of these properties on the Bi stoichiometry. We finally combine the DFT band-structure with Boltzmann transport theory to calculate temperature dependence of the Seebeck coefficient and compare it to experimental thermoelectric data.
Results and Discussion

Structural parameters
BSCO was for the first time synthesised and studied by X-ray diffraction by Leligny et al. 27, 28 26, 27 According to existing literature X-ray data, the Bi deficiency results in the formation of two regions in the BiO layers: one which extends over several interatomic BiO distances and can be considered as ordered and stoichiometric, whereas the other is Bi-deficient, narrow and disordered 28 but this has thus far not been confirmed at the atomic-scale.
The RS layer is sandwiched between two COL along the c crystal direction. Both subsystems share the same a and c lattice parameters, but they are incommensurate along the b axis. The incommensurate stacking structure of BSCO can be approximated by using a supercell where the ratio between RS and CoO2 unit is parameterised using an integer number n: The electronic and structural properties of the BSCO models were studied via density functional theory calculations (DFT). A number of exchange-correlation functionals was tested however, we will describe here the results as obtained with the PBEsol+U functional. This is because: (i) the PBEsol+U yields the best agreement between experimental and calculated lattice constants; (ii) it has been
shown that the inclusion of the Hubbard U parameter improves the description of the electronic, phonon and transport properties when compared to experiments for other similar misfit-layered cobalt oxides. 12, 29, 30 The detailed description of methods and the calculated parameters with other functionals are provided in the SI. Selected calculated structural parameters are highlighted in Figure   1c 
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These optimised structural parameters were used to refine new experimental X-ray diffraction data obtained at the Diamond Light source, station I11: Figure 2 . For comparison, the structural parameters provided by Leligny et al. 26 were also used to refine the same data: see SI for details on the refinement procedure. The full-pattern refinement using both sets of structures demonstrated good fitting parameters, with R-weighted-patterns (Rwp) of 12.67 and 9.49, and a goodness-of-fit (GOF) of 1.34 and 1.01 for the cases of the structure provided by Leligny et al. 26 and the present 6/11
DFT model, respectively. This would indicate an overall better fit of the 6/11 DFT model compared to that of Leligny's. However, some of (0 0 l) family of reflections especially the (0 0 10) do not fully match the experimental intensity. This is the case for both the Leligny and our DFT-minimized structures (albeit to a lesser degree for the latter), and may be due to the preferred orientation of the plateshaped grains causing unreasonably sharp peaks beyond the scope of mathematical compensation.
Figure 2:
Full spectrum Rietveld refinement of BSCO samples using DFT structure. The black line is the experimental data, the red line is the mathematical fit, and the grey line shows the difference between experimental and calculated profiles. The blue vertical lines are the calculated reflections.
Although the newly-calculated DFT 6/11 structural model fits well the experimental XRD pattern, X-ray-diffraction-based techniques only provide information about the overall bulk structure and it is known in these misfit layered compounds that local modulations occur at the local, atomic-scale: for instance, atomic-resolution imaging of Ca3Co4O9 was instrumental in confirming the presence of a strong modulation of the CoO columns in the (001) direction. 22 Atomically-resolved high-angle annular-dark-field (HAADF) STEM imaging (see SI section for experimental and technical details) was thus used to directly observe of the local structure of BSCO and to confirm the stacking arrangement of the RS and COL subsystems. A representative image (additional data is provided in the SI), acquired along the [110] zone axis, is shown in Figure 3 . In this orientation, because of the large Bi-Bi or Sr-Sr atomic distances (3.52 Å and 3.55 Å, respectively, as predicted in our calculations, and a model of the structure in this projection in Figure 1b) , it is possible to resolve the positions of Bi and Sr in the RS layers and therefore the relative arrangement of the RS layers with respect to the COL. Due to the dependence of the contrast in HAADF STEM images 33 on the average atomic number Z as ~Z 1.7 , the brighter spots observed in the image can be straightforwardly interpreted as corresponding to the heavier Bi (ZBi=83) columns and smaller spots with lesser intensity represent the Sr (ZSr=38) columns.
In this orientation the Co (ZCo=27), atomic column positions cannot be individually resolved, but rather appear as continuous lower intensity lines between the RS layers. Spatially-resolved chemical maps of the structure are presented in Figure S1 of the supplementary material provided for confirmation of this structural assignment and show an excellent agreement between the calculated and observed structures. Careful examination of the image in Figure 3a reveals however the presence of two different stacking arrangements of the RS units (named hereafter 'AA' and 'AB' respectively), indicated by ball and stick models superimposed on the HAADF image in Figure 3a at the position where the RS subsystem is shifted by half-a-unit-cell in the x-y plane compared to the 'regular', or 'AA' stacking. A more detailed description of the structure of this stacking fault is provided in the SI. The calculated energy difference between the relaxed structures for the two stacking variants is only 5 meV per Co atom, with the unfaulted stacking (as seen across most of Figure 3a ) being more stable. This indicates that both these structural motifs can be present within the material and that the formation of these stacking faults is relatively favourable from an energetic point of view. The presence of a large density of such stacking faults, possibly leading to extended domains with different stacking sequences of the RS layers in BSCO and the frequency of their occurrence are to be investigated in detail elsewhere. We note however that even a moderate density of such stacking faults in the samples is unlikely to affect the refinement of the experimental X-ray diffraction patterns and improve the match to available structural data. Nevertheless, a possible structural disorder along the c-axis caused by the different arrangements of consecutive BSCO layers could be partially responsible for the low lattice thermal conductivity of the material, and having unambiguously observed the presence of these stacking domains in the material it is therefore interesting to consider possible differences in electronic and/or transport properties between the models.
Electronic Structure
Analysis of the temperature-dependent resistance and magnetoresistance properties of single crystalline samples of BSCO suggests it has a semiconductor-like character and weak electron localization related to the co-existence of Co 3+ and Co 4+ in COL, which results in a finite magnetic moment of some of the Co species. 34 Moreover, it is known that a metal-insulator transition takes place at approximately 200 K, which indicates the existence of a pseudo-gap around the Fermi level, whose origin is ascribed to a strong correlation between the electrons. 25 The transport properties of Figure 3b , the electrical conductivity of such a material would be controlled by defect chemistry as described below for Bi deficient systems. Note that the contributions to the PDOS in Fig. 3b have been scaled for greater visibility. The unscaled PDOS is shown in Figure   S7b . Moreover, in BSCO Bi atoms are in asymmetric environment, which allows the formation of the Bi-lone pairs. 35, 36 This is in line with calculated electron localization function plots (see Figure. S8 ),
where the Bi-lone pairs are visible and appear to be located at the corner of the octahedra between BiO layers. Given the very low energy cost associated with the formation of an AB stacking fault, and the virtually identical resulting electronic structure, we will now only consider the more typical AA stacking. This suggestion was directly validated experimentally through atomically-resolved electronenergy-loss spectroscopy. The valence of Co species can be estimated by analysing the Co L2,3 electron energy loss near edge fine structure (ELNES) and more specifically by determining the intensity ratio between the L3 and L2 peaks, also often called white lines, which result from transitions from the 2p3/2 and 2p1/2 Co electronic states to the continuum under excitation by the incoming electron beam. Figure 5a shows the Co L2,3 edge averaged from a number of adjacent pixels from a spectrum image (see Figure S2a where the full dataset is presented) over an area of COL similar to that indicated by the blue box on Figure 3a . Further details of the processing are provided in the SI. The Co L3:L2 intensity ratio was estimated from this spectrum to be 2.35±0.1, corresponding to an approximate Co valence state in the COL layers between +3 and +4. 37 As the Bi vacancies are not expected to be ordered through the thickness of the sample, this result is thus perfectly consistent with a number of hypervalent Co sites, resulting in an overall valence slightly higher than the +3 expected from a nonBi-deficient structure.
Bi-deficiency and Co valence
Furthermore, Figure 5b shows background-subtracted O K spectra extracted and averaged from the COL (over an area similar to that indicated by a blue box on figure 3a), SrO (purple box) and BiO (green box) layers in the structure, respectively. The O K ELNES shows three distinct features, which vary depending on which atomic layer the spectrum is extracted from; peak A at ~532 eV, B at~ 537.5 eV and peak C at ~544.2 eV. The O K spectrum from the COL layer shows sharp A and C peaks, with a lower B peak intensity. In the SrO layer peak B shifts to lower energies and its intensity increases with respect to peaks A and C. On the left of the main A peak in the COL layer, some additional prepeak intensity -labelled as A1, can be observed; a similar feature has been previously observed the CoO2 layers of CCO 22 and was attributed to hybridised O 2p and Co 4+ states, consistent with the presence hypervalent Co sites in the COL layer inferred from our theoretical calculations. In the BiO layer peak A broadens and shifts to higher energies, while its intensity drops significantly, as does that of peak C. In a single electron approximation the EELS O K edge is directly related to the density of empty states in the structure: these atomically-resolved spectral differences can be compared to the calculated DOS projected onto the relevant atomic layers to validate our theoretical model: Figure 5c . Figure 3a) . For reading clarity, the experimental spectra were rigidly-translated to the site projected p-DOS; no stretching of the energy axis was applied. Spin-up and -down channels in the calculated p-DOS are added up here. Figure 6b corresponding to additional states localised in the region between +0.5 to +1.5 eV above the Fermi level. The formation of these states has a tremendous importance for the transport properties of the BSCO. The Co 4+ localized magnetic moment increases the spin-entropy in the system and as a result enhances the Seebeck coefficient. 13 The predicted concentration of the 
Transport properties
Finally, we turn to the thermoelectric transport properties of BSCO. Experimental measurements for BSCO whiskers have been carried out by Funahashi et al. 8, 25 finding a dimensionless thermoelectric figure of merit of above 1.1, which corresponds to a conversion efficiency of around 10% at 973 K in air. 25 The Seebeck coefficient was measured to be ~100 μV/K at 300 K and increased ~150 μV/K at 1000 K. 8 Providing a theoretical description of transport properties on the other hand has always been challenging due to the complexity of the phenomena that need to be taken into account. 38 It should also be noted that the calculated properties are for perfect single crystals while experimental samples inevitably contain different types of imperfections, such as impurities, extended defects and defect clustering, which strongly affect TE properties, in particular electron transport properties and are often beyond current modelling capabilities (due to the need to keep any calculation computationally tractable). Nevertheless, Figure 7 shows the calculated Seebeck coefficient averaged over all deficiency not only decreases strain in the BiO layer but is essential to achieve its high transport properties while Bi vacancies are also expected to act as scattering centres reducing thermal conductivity of the compound.
Conclusions
We have investigated the structural, electronic and transport properties of the misfit-layered BSCO thermoelectric material through a combination of experimental and theoretical techniques. We present a structural model for this complicated material that agrees well with the X-ray and electron microscopy data and discuss it in details. We show evidence for the presence of stacking faults, finding that changes in the relative arrangements of the CoO2 and BiSrO layers can easily arise as their formation requires a very low energetic cost. Furthermore, Bi deficiency has been found to have a paramount importance on the electronic, magnetic and transport properties of BSCO. It was shown to lead to the hole-doping of the CoO2 layer, for which we present direct experimental evidence through atomic-layer-resolved electron energy loss spectroscopy. Our theoretical modelling then shows how these atomic-scale structural and electronic structure modifications are in turn responsible for the high positive Seebeck coefficient of the material measured experimentally. This provides another step in understanding this fascinating material, which should be of great benefit in future design of oxide thermoelectric materials that are composed of inexpensive and abundant elements.
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